where a = 196.966552 is the atomic mass [1, 2] of the neutral Gold atom, u = 931.494013 MeV/c 2 is the unified atomic mass unit [3] , and m e c 2 = .510998902 MeV is the electron mass [3] . E b is the binding energy of the Q electrons removed from the neutral Gold atom. This amounts to 0.332 MeV for the helium-like gold ion (Q = 77) and 0.517 MeV for the fully stripped gold ion. These numbers are given in Ref. [4] . The deuteron mass [3] is 1875.612762(75) MeV/c 2 .
In a circular accelerator the ion moves along an orbit of circumference 2πR with revolution frequency f . The radius of the orbit is R. The velocity of the ion is then v = 2πRf.
This gives momentum, energy, and kinetic energy p = mcβγ, E = mc 2 γ = p 2 c 2 + m 2 c 4 ,
where β = v/c, γ = 1/ 1 − β 2 .
The magnetic rigidity of the ion in units of Tm is
where k = 10 9 /299792458 and p is the momentum in units of GeV/c. The angular frequency is ω = 2πf.
We also define the phase-slip factor
where γ t is the transition gamma.
RF Parameters
The stationary bucket area is
where h is the RF harmonic number, V g is the total RF gap voltage per turn, and the subscript "s" denotes parameter values for the synchronous particle.
The half-height of a bucket is
where φ s is the synchronous phase.
The synchronous phase is given by
where ρ s is the radius of curvature, B is the magnetic field anḋ B = dB/dt. Employing Gaussian units (R s and ρ s in cm, c = 2.99792458 × 10 10 cm/s, andḂ in G/s) gives V g sin φ s in Statvolts. Multiplying by 299.792458 then gives V g sin φ s in Volts.
The width of a bucket is
where the phase φ e satisfies cos(π − φ s ) − cos φ e = −(π − φ s − φ e ) sin φ s .
The area of a bucket is
where
Below transition we have φ e < π − φ s and the limits of integration are φ L = φ e and φ R = π − φ s . Above transition we have π − φ s < φ e and the limits of integration are φ L = π − φ s and φ R = φ e . The integral α(φ s ) must be evaluated numerically. An approximate expression is [5] 
The synchrotron frequency for small-amplitude oscillations about φ s is
and the corresponding synchrotron tune is Q s = 2πF s /ω s . Note that measurement of F s gives a value for V g cos φ s , while measurement of dB/dt gives a value for V g sin φ s . These can be used to obtain V g and φ s .
Let φ l and φ r be the phases at the left and right boundries of a bunch matched to a bucket. We have
and the width of the bunch is
In terms of ∆φ and φ s we have
and
Note that if ∆φ is small we have
The half-height of the bunch is
The area of the bunch is
The integral F (φ s , ∆φ) must be evaluated numerically. If ∆φ is small we have
3 Ring Parameters Here C I and C E are the circumferences of the closed orbits in the machines at injection and extraction (or store) respectively. C b , C a , and C r are the circumferences of the "design" orbits in Booster, AGS, and RHIC respectively. These are
meters. Note that 4(C r /19) = 2π(128.4580) m which gives an AGS radius at extraction approximately 5 mm larger than the "design" AGS radius (128.4526 m) reported by Bleser [6, 7] . The radius of curvature ρ in the Booster and AGS main dipoles is given in Refs. [6, 7, 8] . The RHIC ring parameters are taken from Ref. [9] and from MAD runs by Steve Tepikian.
Because the magnetic rigidities of deuterons and gold ions in the DX magnets of the collider are not the same, the orbit circumferences in the blue and yellow rings are not the same. These circumferences have been computed by Steve Tepikian and are given below.
Assumptions
The parameters values listed in Sections 5-11 are calculated assuming that:
1. The magnetic rigidity of the Au 31+ ion and deuteron at Booster injection is Bρ = 0.8813444 Tm.
The magnetic rigidity of the Au
31+ ion at Booster extraction is Bρ = 9.4307359 Tm; the magnetic rigidity of the deuteron is 7.322360 Tm.
77+ ion at AGS injection is Bρ = 3.7474454 Tm; the magnetic rigidity of the deuteron is 7.322360 Tm.
79+ ion at RHIC injection is 86 Tm. The revolution frequency of the deuterons at RHIC injection is the same as that of the gold ions.
5. The orbit circumference for deuterons in the blue ring at injection is 2.245 mm greater than C r . The orbit circumference for gold ions in the yellow ring at injection is 2.015 mm less than C r .
6. The energy of the Au 79+ ion at RHIC Store is 100 GeV per nucleon. The revolution frequency of the deuteron is the same as that of the gold ion. The orbit circumference for deuterons in the blue ring at store is 2.113 mm greater than C r . The orbit circumference for gold ions in the yellow ring at store is 1.907 mm less than C r .
Please note that more digits are given for some parameters in Sections 5-11 than would be warranted by the precision with which the parameters could be measured; this is done for computational convenience. The notation "/N " in the Units column of the tables means "per nucleon". At Booster injection, the voltage V I required for particles with momentum p and charge Q to follow the nominal trajectory through the inflector is given by
Gold Parameters in Booster
Here G = 0.017 m is the gap between the cathode and septum of the inflector and R I = 8.74123 m is the radius of curvature along the nominal trajectory. Using the tabulated values of cp and E at Booster injection, we obtain V I = 22.919 kV.
The fractional momentum spread ∆p/p was measured by chopping a short notch out of the unbunched beam in the Tandem The six bunches are extracted from Booster in a single turn by means of a fast kicker and ejector septum magnet. Measurements of the beam width just downstream of the ejector give 95% horizontal and vertical emittances 4.2π and 2.8π (mm milliradians) respectively. After extraction, the ions pass through a stripper in the Booster to AGS (BTA) transport line where approximately 60% emerge in charge state +77. The stripper used this year consists of a 6.35 mg/cm 2 aluminum foil followed by a 8.48 mg/cm 2 "glassy" carbon foil mounted just downstream. The thicknesses have been optimized to produce the highest yield of Au 77+ . The high uniformity of the glassy carbon, compared to that of the standard carbon stripper (23.1 mg/cm 2 graphite) used in the past, gives a significant reduction in the increase of longitudinal emittance due variable energy loss as the ions traverse the foil. With the standard carbon foil, this increase was approximately a factor of four; with the glassy carbon, the increase is a factor of 1.8. The measured energy spread of the bunches in Booster at extraction is ±18 MeV while that of the bunches in AGS at injection is ±32 MeV. The measured average energy loss in the foils is 2.5 MeV per nucleon. This is significantly less the the 4 MeV per nucleon observed with the standard carbon stripper.
The Au 77+ ions are injected into the AGS by means of a septum magnet and a fast kicker. Four batches of six bunches are injected at constant magnetic field to give a total of 24 bunches on the AGS injection porch.
The bunches are injected into stationary buckets at harmonic 24. Because of the reduced energy spread of ions emerging from the BTA stripper used this year, there is more than enough voltage available to match the buckets to the incoming bunches. (This was not possible with the standard carbon foil.) The required voltage was found to be approximately 100 kV per turn. Measurements of bunch width (55 ns) in the matched buckets give a six-bunch longitudinal emittance of 0.082 eV-s per nucleon. This is a factor of 1.8 greater than the emittance measured at Booster extraction. In addition to emittance growth due to variable energy loss as ions traverse the foil there is a phase mismatch caused by the average energy loss. Since the ions emerge from the foil with a smaller average velocity, the distance between bunch centers is reduced. (The time between bunch centers is unchanged.) This means that the 6 bunches of each batch entering the AGS will occupy slightly less than one fourth of the ring. The effect of the mismatch is to cause some dilution of longitudinal emittance during the merging process discussed below.
In the past, shortly after all four batches from Booster were injected, the harmonic 24 voltage was slowly reduced, adiabatically debunching the beam. Once debunched the beam was adiabatically rebunched into 4 bunches (in order to reach the bunch intensity desired for RHIC) and then accelerated to top energy at harmonic 12. Experience with this setup has shown that there can be beam instability and subsequent fast loss due to the small momentum spread of the unbunched beam. To avoid this, a new setup in which the 24 bunches are merged into 4 was developed and implemented this year. The merge is done in two steps. First the 24 bunches are merged into 12 by bringing on harmonic 12 while reducing harmonic 24. Then the 12 bunches are merged into 4 by bringing on harmonics 4 and 8 while reducing harmonic 12. This final merge is done with a single low-frequency. The resulting 4 equally spaced bunches are then accelerated to top energy at harmonic 12. Here the columns "Injection(a)" and "Injection(b)" give the parameters for deuterons with the same rigidity as Au 32+ and Au 31+ ions respectively. The corresponding values of the inflector voltage, V I , are 67.310 and 71.680 kV respectively. If we use the parameters in the "Injection(b)" column, the deuteron and Au 31+ ion rigidities at Booster injection will be the same. The parameters in the "Injection(a)" column were used during the last d-Au run (RHIC Run-4) when we were injecting Au 32+ ions into Booster. If there are problems operating the inflector at 72 kV, we would inject deuterons at the lower Au 32+ rigidity.
Deuteron Parameters in Booster
Note that the normalized emittances in the table are significantly larger than those for gold; this is due to βγ at injection being three times larger for deuterons than it is for gold. 
Parameter Injection Extraction
Unit V g 0.4 24 kV A S 0.2174 9.249 eV s dB/dt 0 0 G/ms φ s 0 0 degrees F s 0.3729 1.052 kHz A bk 0.2174 9.249 eV s A b 0.320/2 0.480 eV s ∆t 1716 146 ns ∆E 0.0636 2.101 MeV Parameter Injection Extraction Unit No. of Bunches 2 1 Bunch Spacing 2412.522 885.257 ns Ions/
Booster Injection Field
The magnetic field at Booster injection is measured with a Hall probe and the Booster Gauss Clock. The Hall probe sits in the reference dipole and gives the value of the field at BT0. The Gauss Clock gives the increment in field between BT0 and the time of injection. The measured field at injection is defined to be the field at BT0 plus the field increment. For the injection of Au 32+ ions, the measured field should be 611.0 Gauss; for the injection of Au 31+ it should be 629.5 Gauss. 
Gold Parameters in AGS
H (95%) ≤ 10π ≤ 10π ≤ 10π mm mrad V (95%) ≤ 10π ≤ 10π ≤ 10πH (95%) ≤ 26π ≤ 26π ≤ 26π mm mrad V (95%) ≤ 10π ≤ 10π ≤ 10πH (95%) ≤ 10π ≤ 10π ≤ 10π mm mrad V (95%) ≤ 10π ≤ 10π ≤ 10πH (95%) ≤ 21π ≤ 21π ≤ 21π mm mrad V (95%) ≤ 10π ≤ 10π ≤ 10π
